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(57) ABSTRACT

According to one embodiment, a magnetic memory device
includes a first interconnect, a second interconnect, a mag-
netoresistive effect element having first and second termi-
nals, the first terminal being electrically connected to the
first interconnect, a diode having first and second terminals,
the first terminal being electrically connected to the first
terminal of the magnetoresistive effect element, the second
terminal being electrically connected to the second terminal
of the magnetoresistive effect element, and a transistor
having source and drain terminals, one of the source and
drain terminals being electrically connected to the second
terminal of the magnetoresistive effect element and the
second terminal of the diode, the other of the source and
drain terminals being electrically connected to the second
interconnect.

18 Claims, 4 Drawing Sheets

10
2
" 3431b - j1b
> 35 40
33—
32b 42b
53b 51b
__i:1 50
52b

20



U.S. Patent Oct. 11, 2016 Sheet 1 of 4 US 9,466,350 B2

10

41a
30 33~F
> 35~ S 40
34—~t
42a
533 51a
gl 4~ 5
52a

FIG. 1

1.0.E+00
1.0.E-02
1.0.E-04
1.0.E-06
1.0.E-08
1.0.E-10
1.0.E-12
1.0.E-14
1.0.E-16
1.0.E-18 ~

10.E-20 I N R B B I R R B B
-0.7-06-05-04-03-02-01 0 0102 03 04 05 06 0.7

Current (A)
I I I [ I I

Voltage (V)

FIG. 2



U.S. Patent

Life of tunnel barrier layer

0.70
0.60
0.50

Voltage (V)

0.40
0.30

0.20
0.10
0.00

1.0.E+20
1.0.E+18
1.0.E+16
1.0.E+14
1.0.E+12
1.0.E+10
1.0.E+08
1.0.E+06
1.0.E+04
1.0.E+02
1.0.E+00

Oct. 11, 2016

Sheet 2 of 4

US 9,466,350 B2

-

Without diode~— .~~~

With diode

1000 2000 3000

Resistance (ohm)

FIG.3

4000

0

Voltage

FIG. 4

02 03 04 05 06 07 08 02 1 11



U.S. Patent Oct. 11, 2016 Sheet 3 of 4 US 9,466,350 B2

Current (A)

10

41b
30 34—~F
> gg’\/ Izg 4—40
42b
53h I 51b PR
52b

20

FIG.5

1.0.E+00
1.0.E-01 |-
1.0.E-02 -
1.0.E-03 -
1.0.E-04 -
1.0.E-05 |-
1.0.E-06 |-
1.0.E-07 -
1.0.E-08 -
1.0.E-09 -
1.0.E-10
1.0.E-11
1.0.E-12 S —

| | | 1 |

|
0.7-06-05-04-03-02-01 0 0102 03 04 05 06 07

Voltage (V)

FIG.6



U.S. Patent

Voltage (V)

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Oct. 11, 2016 Sheet 4 of 4

US 9,466,350 B2

"

Without diode~—, .-~ -

With diode

1000 2000 3000

Resistance (ohm)

FIG. 7

4000



US 9,466,350 B2

1
MAGNETIC MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/130,467, filed Mar. 9, 2015, the entire
contents of which are incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic memory device.

BACKGROUND

Magnetic memory devices (semiconductor integrated cir-
cuit devices) comprising transistors and magnetoresistive
effect elements integrated on a semiconductor substrate have
been proposed. The magnetoresistive effect element, in
general, comprises a storage layer, a reference layer and a
tunnel barrier layer provided between the storage layer and
the reference layer.

In the magnetoresistive effect element, it is possible to set
to one of a low-resistance state and a high-resistance state
based on the direction of a current and to store data (binary
0 or 1) based on these two states. To the above-described
magnetoresistive effect element, a transistor is connected in
series. By setting the transistor to an on state, a current flows
through the magnetoresistive effect element, and based on
the direction of the current, one of the low-resistance state
and the high-resistance state is set in the magnetoresistive
effect element.

However, in the above-described conventional magnetic
memory device, the following problem arises in a write
operation. That is, when the magnetoresistive effect element
transitions from the low- to the high-resistance state by
feeding a current through the series circuit of the magne-
toresistive effect element and the transistor, a high voltage is
applied to the magnetoresistive effect element. When the
magnetoresistive effect element is subjected to a high volt-
age, the tunnel barrier layer is also subjected to the high
voltage, and thus there is a problem of the reliability of the
tunnel barrier layer deteriorating.

Therefore, there is demand for a magnetic memory device
which can prevent a magnetoresistive effect element from
being subjected to a high voltage in a write operation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an electric circuit diagram showing the structure
of a magnetic memory device (semiconductor integrated
circuit device) of a first embodiment.

FIG. 2 is a diagram showing an example of the current-
voltage characteristics of a Schottky diode at room tempera-
ture (300K) according to the first embodiment.

FIG. 3 is a diagram showing the relationship between the
resistance of a magnetoresistive effect element and the
voltage applied to the magnetoresistive effect element
according to the first embodiment.

FIG. 4 is a diagram showing the relationship between the
voltage applied to the magnetoresistive effect element and
the life of the tunnel barrier layer.

FIG. 5 is an electric circuit diagram showing the structure
of a magnetic memory device (semiconductor integrated
circuit device) of a second embodiment.
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FIG. 6 is a diagram showing an example of the current-
voltage characteristics of a Schottky diode at 400K accord-
ing to the second embodiment.

FIG. 7 is a diagram showing the relationship between the
resistance of a magnetoresistive effect element and the
voltage applied to the magnetoresistive effect element
according to the second embodiment.

DETAILED DESCRIPTION

In general, according to one embodiment, a magnetic
memory device includes: a first interconnect; a second
interconnect; a magnetoresistive effect element having a first
terminal and a second terminal, the first terminal of the
magnetoresistive effect element being electrically connected
to the first interconnect; a diode having a first terminal and
a second terminal, the first terminal of the diode being
electrically connected to the first terminal of the magnetore-
sistive effect element, the second terminal of the diode being
electrically connected to the second terminal of the magne-
toresistive effect element; and a transistor having a source
terminal and a drain terminal, one of the source terminal and
the drain terminal being electrically connected to the second
terminal of the magnetoresistive effect element and the
second terminal of the diode, the other of the source terminal
and the drain terminal being electrically connected to the
second interconnect.

Embodiments will be described hereinafter with reference
to the accompanying drawings.

First Embodiment

FIG. 1 is an electric circuit diagram showing the structure
of a magnetic memory device (semiconductor integrated
circuit device) of a first embodiment.

As shown in FIG. 1, the magnetic memory device com-
prises a first interconnect 10, a second interconnect 20, a
magnetoresistive effect element 30, a diode 40, and a MOS
transistor 50. These first interconnect 10, second intercon-
nect 20, magnetoresistive effect element 30, diode 40 and
MOS transistor 50 are provided on the same semiconductor
substrate.

The first interconnect 10 and the second interconnect 20
are used respectively as a first bit line and a second bit line.

The magnetoresistive effect element 30 comprises a first
terminal 31a¢ and a second terminal 32a, and the first
terminal 31a is electrically connected to the first intercon-
nect 10. The magnetoresistive effect element 30 comprises a
first magnetic layer (reference layer) 33 having a fixed
direction of magnetization, a second magnetic layer (storage
layer) 34 having a variable direction of magnetization, and
a nonmagnetic layer (tunnel barrier layer) 35 provided
between the first magnetic layer 33 and the second magnetic
layer 34. Note that the magnetoresistive effect element may
be referred to as a magnetic tunnel junction (MTJ) element
in the following description.

In the present embodiment, the first terminal 31a of the
magnetoresistive effect element 30 is provided on the side of
the first magnetic layer 33, and the second terminal 32a is
provided on the side of the second magnetic layer 34. More
specifically, electrodes are connected respectively to the first
magnetic layer 33 and the second magnetic layer 34, and
these electrodes substantially function as the first terminal
31a and the second terminal 32a.

The magnetoresistive effect element 30 is a perpendicular
magnetization type memory element. That is, the first mag-
netic layer 33 and the second magnetic layer 34 have
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perpendicular magnetization. Further, a write operation on
the magnetoresistive effect element 30 is performed on the
basis of spin-transfer torque.

In the write operation on the magnetoresistive effect
element 30, the magnetoresistive effect element 30 is set to
a high-resistance state by passing a current from the first
magnetic layer (reference layer) 33 to the second magnetic
layer (storage layer) 34 and is set to a low-resistance state of
having a resistance less than that of the high-resistance state
by passing a current from the second magnetic layer (storage
layer) 34 to the first magnetic layer (reference layer) 33.
Therefore, in the present embodiment, the first interconnect
10 is subjected to a voltage greater than that of the second
interconnect 20 in the write operation to set the magnetore-
sistive effect element 30 to the high-resistance state. Further,
the second interconnect 20 is subjected to a voltage greater
than that of the first interconnect 10 in the write operation to
set the magnetoresistive effect element 30 to the low-
resistance state.

In the magnetoresistive effect element 30, the direction of
magnetization of the first magnetic layer (reference layer) 33
and the direction of magnetization of the second magnetic
layer (storage layer) 34 are in antiparallel in the high-
resistance state and are in parallel in the low-resistance state.
Based on whether the magnetoresistive effect element 30 is
in the high- or low-resistance state, it is possible to store data
(binary 0 or 1) in the magnetoresistive effect element 30.

The magnetoresistive effect element 30 connects to the
diode 40 in parallel. That is, the diode 40 comprises a first
terminal 41a and a second terminal 42a, and the first
terminal 41a is electrically or physically connected to the
first terminal 31a of the magnetoresistive effect element 30,
and the second terminal 42q is electrically or physically
connected to the second terminal 32a of the magnetoresis-
tive effect element 30. In the present embodiment, the first
terminal 41a of the diode 40 is an anode, and the second
terminal 42qa of the diode 40 is a cathode. More specifically,
the first terminal 414 and the second terminal 424 substan-
tially function as electrodes.

As the diode 40, a Schottky diode is used. The Schottky
diode includes a metal layer as the first terminal (anode) 41a
and an n-type semiconductor layer as the second terminal
(cathode) 42a.

In the present embodiment, description is a case where an
ohmic contact is made between the second terminal 42a
which is an n-type semiconductor layer and the second
terminal 32a. The second terminal 42a of the diode 40 and
the second terminal 32a of the magnetoresistive effect
element 30 are physically connected with each other. Since
the ohmic contact is made between the second terminal 42a
and the second terminal 32a, it is preferable that the work
function of the second terminal 42a is equal to or smaller
than that of the second terminal 32a. It is noted that the
second terminal 42a and the second terminal 32a are not
necessarily to be physically or directly connected with each
other, but it is sufficient that they are electrically connected
with each other. Further, if the resistance between the second
terminal 42a and the second terminal 32a is sufficiently
smaller than the resistance of the diode 40 (the resistance
between the first terminal 414 and the second terminal 42a
of the diode 40), the second terminal 42a and the second
terminal 32¢ may be connected by Schottky junction or
tunnel junction.

In the write operation on the magnetoresistive effect
element 30, when the magnetoresistive effect element 30 is
set to the high-resistance state, the diode 40 is biased in the
forward direction. That is, in the present embodiment, when
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the magnetoresistive effect element 30 is set to the high-
resistance state, the first interconnect 10 is subjected to a
voltage greater than that of the second interconnect 20, and
consequently the diode 40 is biased in the forward direction.

In the above-described write operation, when the magne-
toresistive effect element 30 is set to the high-resistance
state, it is desirable that the resistance in the forward
direction of the diode 40 be less than or equal to the
resistance of the magnetoresistive effect element 30 in the
high-resistance state. By setting in this way, it is possible to
reduce the resistance of the parallel circuit of the magne-
toresistive effect element 30 and the diode 40, and thus it
becomes possible to prevent the magnetoresistive effect
element 30 in the high-resistance state from being subjected
to an excessive voltage.

Further, in the above-described write operation, when the
magnetoresistive effect element 30 transitions from the low-
to the high-resistance state, it is desirable that the resistance
in the forward direction of the diode 40 be sufficiently
greater than the resistance of the magnetoresistive effect
element 30 in the low-resistance state. For example, it is
desirable that the resistance in the forward direction of the
diode 40 be ten times greater than the resistance of the
magnetoresistive effect element 30 in the low-resistance
state. By setting in this way, it is possible in the write
operation on the magnetoresistive effect element 30 to feed
a current through the magnetoresistive effect element 30 in
the low-resistance state sufficiently.

Note that the characteristics of the diode 40 rely on
temperature and it is desirable that the above-described
condition of the resistance in the forward direction of the
diode 40 be satisfied in a normal temperature range (for
example, 0 to 125° C.)

In the write operation on the magnetoresistive effect
element 30, when the magnetoresistive effect element 30 is
set to the low-resistance state, the diode 40 is biased in the
reverse direction. That is, in the present embodiment, when
the magnetoresistive effect element 30 is set to the low-
resistance state, the second interconnect 20 is subjected to a
voltage greater than that of the first interconnect 10, and
consequently the diode 40 is biased in the reverse direction.

In the above-described write operation, when the magne-
toresistive effect element 30 is set to the low-resistance state,
the resistance in the reverse direction of the diode 40 is
sufficiently greater than the resistance of the magnetoresis-
tive effect element 30 (resistance in the low-resistance state
and resistance in the high-resistance state). Therefore, it is
possible in the write operation on the magnetoresistive effect
element 30 to feed a current through the magnetoresistive
effect element 30 sufficiently.

In a read operation on the magnetoresistive effect element
30, it is desirable that the resistance of the diode 40
(resistance in the forward direction and resistance in the
reverse direction) be sufficiently greater than the resistance
of the magnetoresistive effect element 30 (resistance in the
low-resistance state and resistance in the high-resistance
state). By setting in this way, it is possible to reliably
perform a read operation on the magnetoresistive effect
element 30.

The parallel circuit of the magnetoresistive effect element
30 and the diode 40 connects to the transistor (n-type MOS
transistor) 50 in series. In the present embodiment, one of
the source terminal and the drain terminal, namely, the
terminal 51a is electrically connected to the second terminal
32a of the magnetoresistive effect element 30 and the second
terminal 42a of the diode 40, and the other one of the source
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terminal and the drain terminal, namely, the terminal 52q is
electrically connected to the second interconnect 20.

The transistor 50 functions as a select transistor config-
ured to select the magnetoresistive effect element 30. In the
read operation and the write operation on the magnetoresis-
tive effect element 30, a select signal is supplied to the gate
terminal 53a connected to a word line, and the transistor 50
is set to an on state.

Next, the above-described Schottky diode 40 will be
described.

In general, the current-voltage (I-V) characteristics of the
Schottky diode are represented by the following equation:

T=4"*STexp(-qOp/kpT){exp(gV/kpT)-1}

where [ is the current flowing thorough the diode, A** is the
Richardson coefficient, S is the junction area, T is the
absolute temperature, q is the elementary charge, @ is the
barrier height of the junction, k5 is Boltzmann’s constant,
and V is the voltage applied to the diode. The Richardson
coeflicient A** is represented as follows:

A**=4qm ¥z q/h3

where m,* is the effective mass of a carrier, and h is Plank’s
constant.

FIG. 2 is a diagram showing an example of the current-
voltage characteristics of the Schottky diode at room tem-
perature (300K). Note that the following description is based
on the assumption that S=2500 nm® and A**=112x10°
A/m*K?. Further, tungsten (the work function of which is 4.6
eV) is used for the metal layer of the Schottky diode, and
n-type silicon (the work function of which is 4.05 eV) is
used for the semiconductor layer. As shown in FIG. 2, a
current in the forward direction increases exponentially
whereas a current in the reverse direction hardly flows.

Note that, gold (Au), platinum (Pt) or the like as well as
tungsten (W) may be used for the metal layer of the Schottky
diode. Further, p-type silicon may be used for the semicon-
ductor layer of the Schottky diode.

Next, the operation of the magnetic memory device of
FIG. 1 will be described.

First, the write operation to set the magnetoresistive effect
element 30 to the high-resistance state will be described.

In the write operation, the transistor 50 is set to the on
state, and the first interconnect 10 is subjected to a voltage
greater than that of the second interconnect 20.

If the magnetoresistive effect element 30 has been in the
low-resistance state when the write operation is to be
performed, the magnetoresistive effect element 30 transi-
tions from the low-resistance state to the high-resistance
state in the write operation. Here, the following description
is based on the assumption that the resistance Rmtj1 in the
low-resistance state is 1000Q, the resistance Rmtj2 in the
high-resistance state is 3000Q2, and the resistance Rtr of the
transistor 50 in the on state is 2000Q. Further, in the write
operation, the first interconnect 10 is subjected to a voltage
Valll=1.0V with reference to the second interconnect 20.

If the diode 40 is not provided, the voltage Vmtj1 applied
to the magnetoresistive effect element 30 in the low-resis-
tance state is obtained as follows:

Vinijl = ValllxRmi1/ (Rmtjl+Rir)=0 33V,

Further, the voltage Vmtj2 applied to the magnetoresistive
effect element 30 in the high-resistance state is obtained as
follows:

Vimij2 = ValllxRmij2/ (Rmtj2+Rir)=0.6 V.

10

20

25

40

45

60

65

6

If the diode 40 is provided, on the other hand, the voltage
applied to the magnetoresistive effect element 30 is obtained
as follows.

The resistance Rs of the parallel circuit of the magnetore-
sistance element 30 in the low-resistance state (Rmtj1) and
the diode 40 (resistance Rd1) is obtained as follows:

Rs=RmijlxRd1/(Rmijl+Rd1)

When Vmtjl is 0.33V, the resistance Rdl of the diode 40
is 6x10°Q, which is sufficiently greater as compared to the
resistance Rmtjl (1000Q2) of the magnetoresistive effect
element 30. Therefore, the Rs will become closer to Rmtj1.
Therefore, the voltage Vmtjl applied to the magnetoresis-
tive effect element 30 is obtained as follows:

Vimtjl=ValllxRs/(Rs+Rtr)=0.33V.

As described above, the voltage applied to the magne-
toresistive effect element 30 in the low-resistance state is
hardly influenced even when the diode 40 is provided.

When the magnetoresistive effect element 30 transitions
from the low- to the high-resistance state, the voltage
applied to the magnetoresistive effect element 30 increases.
However, along with the increase of the voltage applied to
the magnetoresistive effect element 30, the voltage applied
to the diode 40 also increases. Consequently, the resistance
of the diode 40 in the on state decreases. Therefore, the
resistance of the parallel circuit of the magnetoresistive
effect element 30 and the diode 40 decreases. As a result, the
voltage applied to the magnetoresistive effect element 30
becomes less than that of a case where the diode 40 is not
provided.

For example, the resistance Rd of the diode 40 obtained
when Vmtj=0.6V is about 1700Q. In reality, the voltage
applied to the diode 40 depends not only on the resistance
Rd but also on the resistance Vmtj2 (3000Q2) of the mag-
netoresistive effect element 30 in the high-resistance state
and the resistance Ritr (2000€2) of the transistor 50 in the on
state. By calculation, the resistance Rd of the diode 40
becomes about 73530. Here, the voltage applied to the
magnetoresistive effect element 30 becomes about 0.52V.
Therefore, it is possible to make the voltage applied to the
magnetoresistive effect element 30 less than the voltage
applied thereto in a case where the diode 40 is not provided,
that is, 0.6V.

FIG. 3 is a diagram showing the relationship between the
resistance of the magnetoresistive effect element 30 and the
voltage applied to the magnetoresistive effect element 30. In
the case where the diode 40 is provided, the voltage applied
to the magnetoresistive effect element 30 in the high-
resistance state is less.

In this way, in the write operation on the magnetoresistive
effect element 30 to set to the high-resistance state, it is
possible, by providing the magnetoresistive effect element
30 with the diode 40 in parallel, to prevent the magnetore-
sistive effect element 30 from being subjected to an exces-
sive voltage. As a result, it is possible to prevent the tunnel
barrier layer (nonmagnetic layer 35) of the magnetoresistive
effect element 30 from being subjected to an excessive
voltage and to prevent deterioration of the reliability of the
tunnel barrier layer.

FIG. 4 is a diagram showing the relationship between the
voltage applied to the magnetoresistive effect element and
the life of the tunnel barrier layer. As the voltage applied to
the magnetoresistive effect element increases, the life of the
tunnel barrier layer decreases exponentially. Therefore, it is
possible to significantly increase the life of the tunnel barrier
layer by providing the diode 40.
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Next, a write operation to set the magnetoresistive effect
element 30 to the low-resistance state will be described.

In the present write operation, the transistor 50 is set to the
on state, and the second interconnect 20 is subjected to a
voltage greater than that of the first interconnect 10.

If the magnetoresistive effect element 30 has been in the
high-resistance state when the write operation is to be
performed, the magnetoresistive effect element 30 transi-
tions from the high- to the low-resistance state in the write
operation. Here, the following description is based on the
assumption that the resistance Rmtjl in the low-resistance
state is 1000Q2, the resistance Rmtj2 in the high-resistance
state is 3000€2, and the resistance Rtr of the transistor 50 in
the on state is 2000€2. Further, in the write operation, the
second interconnect 20 is subjected to a voltage Vall2=0.8V
with reference to the first interconnect 10.

If the diode 40 is not provided, the voltage Vmtj3 applied
to the magnetoresistive effect element 30 in the high-
resistance state is obtained as follows:

Vinij3 = Vall2xRmij2) (Rmtj2+Rir)=0 A8V,

Further, the voltage Vmtj4 applied to the magnetoresistive
effect element 30 in the low-resistance state is obtained as
follows:

Vintjd=Vall2xRmi1/ (Rmijl+Rir)=0 26V,

If the diode 40 is provided, on the other hand, since the
diode 40 is subjected to a voltage in the reverse direction, a
current hardly flows through the diode 40. Therefore, the
resistance Rs of the parallel circuit of the magnetoresistive
effect element 30 and the diode 40 will become close to the
resistance of the magnetoresistive effect element 30. Con-
sequently, even if the diode 40 is provided, as obtained as
Vmtj3=0.48V and Vmtj4=0.26V, the write operation on the
magnetoresistive effect element 30 is hardly influenced.

Next, a read operation on the magnetoresistive effect
element 30 will be described.

In the read operation, the transistor 50 is set to the on state,
and a read voltage is applied between the first interconnect
10 and the second interconnect 20. The read voltage is, for
example, about 0.2V. The first interconnect 10 may be
subjected to a voltage greater than that of the second
interconnect 20, or the second interconnect 20 may be
subjected to a voltage greater than that of the first intercon-
nect 10. The read current varies depending on whether the
magnetoresistive effect element 30 is in the low-resistance
state or the high-resistance state, and thus it is possible to
read out data (binary O or 1) from the magnetoresistive effect
element 30.

In the read operation, the voltage applied between the first
interconnect 10 and the second interconnect 20 is suffi-
ciently low as compared to that of the write operation.
Therefore, the resistance of the diode 40 is sufficiently
greater than the resistance of the magnetoresistive effect
element 30. Consequently, the read operation is hardly
influenced by the presence of the diode 40.

As described above, in the present embodiment, the
magnetoresistive effect element 30 is provided with the
diode 40 in parallel. Therefore, in the write operation to set
the magnetoresistive effect element 30 to the high-resistance
state, it is possible to prevent the magnetoresistive effect
element 30 from being subjected to an excessive voltage. As
a result, it becomes possible to prevent the tunnel barrier
layer (nonmagnetic layer 35) from being subjected to an
excessive voltage and to prevent deterioration of the reli-
ability of the tunnel barrier layer. Further, when the mag-
netoresistive effect element 30 is to transition from the low-
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to the high-resistance state, it is possible to apply an optimal
voltage to the magnetoresistive effect element 30 in the
low-resistance state and to feed an optimal write current
through the magnetoresistive effect element 30 in the low-
resistance state, and thus the write operation can be per-
formed reliably even if the diode 40 is provided.

In particular, it is possible by making the resistance of the
diode 40 less than or equal to the resistance of the magne-
toresistive effect element 30 in the high-resistance state to
effectively reduce the resistance of the parallel circuit of the
magnetoresistive effect element 30 and the diode 40, and
thus it is possible to prevent the magnetoresistive effect
element 30 in the high-resistance state from being subjected
to an excessive voltage effectively.

Further, it is possible by making the resistance of the
diode 40 greater than the resistance of the magnetoresistive
effect element 30 in the low-resistance state to feed a current
through the magnetoresistive effect element 30 in the low-
resistance state sufficiently, and thus a write operation can be
performed more reliably.

Still further, it becomes possible to achieve the above-
described effect more reliably by using the Schottky diode as
the diode 40.

Still further, it becomes possible by using the Schottky
diode as the diode 40 to perform high-speed operation.

Embodiment 2

Next, the second embodiment will be described. Note
that, since basic points are similar to those of the first
embodiment, the points described in the first embodiment
will be omitted.

FIG. 5 is an electric circuit diagram showing the structure
of a magnetic memory device (semiconductor integrated
circuit device) of the second embodiment.

Also in the present embodiment, the magnetic memory
device comprises a first interconnect 10, a second intercon-
nect 20, a magnetoresistive effect element 30, a diode
(Schottky diode) 40 and a MOS transistor 50 in a manner
similar to that of the first embodiment. The basic structures
and functions of these first interconnect 10, second inter-
connect 20, magnetoresistive effect element 30, diode 40
and MOS transistor 50 are the same as those of the first
embodiment.

In the present embodiment, the first terminal 315 of the
magnetoresistive effect element 30 is provided on the side of
the second magnetic layer (storage layer) 34, and the second
terminal 324 is provided on the side of the first magnetic
layer (reference layer) 33. More specifically, electrodes are
connected respectively to the first magnetic layer 33 and the
second magnetic layer 34, and these electrodes substantially
function as the first terminal 315 and the second terminal
325

Further, in the present embodiment, in the write operation
to set the magnetoresistive effect element 30 to the high-
resistance state, the second interconnect 20 is subjected to a
voltage greater than that of the first interconnect 10. Still
further, in the write operation to set the magnetoresistive
effect element 30 to the low-resistance state, the first inter-
connect 10 is subjected to a voltage greater than that of the
second interconnect 20.

Still further, in the present embodiment, the first terminal
415 of the diode 40 is a cathode, and the second terminal 425
of the diode 40 is an anode. More specifically, the first
terminal 415 and the second terminal 424 substantially
function as electrodes.
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In the present embodiment, description is a case where an
ohmic contact is made between the first terminal 415 which
is an n-type semiconductor layer and the first interconnect
10. The first terminal 415 of the diode 40 and the first
interconnect 10 are physically connected with each other.
Since the ohmic contact is made between the first terminal
415 and the first interconnect 10, it is preferable that the
work function of the first terminal 415 is equal to or smaller
than that of the first interconnect 10. It is noted that the first
terminal 415 and the first interconnect 10 are not necessarily
to be physically or directly connected with each other, but it
is sufficient that they are electrically connected with each
other. Further, if the resistance between the first terminal 415
and the first interconnect 10 is sufficiently smaller than the
resistance of the diode 40 (the resistance between the first
terminal 415 and the second terminal 4256 of the diode 40),
the first terminal 416 and the first interconnect 10 may be
connected by Schottky junction or tunnel junction.

Still further, in the present embodiment, one of the source
terminal and the drain terminal of the transistor (n-type
MOS transistor) 50, namely, the terminal 515 is electrically
connected to the second terminal 326 of the magnetoresis-
tive effect element 30 and the second terminal 425 of the
diode 40, and the other one of the source terminal and the
drain terminal, namely, the terminal 525 is electrically
connected to the second interconnect 20.

As is evident from the above, in the present embodiment,
the connection relationship between the parallel circuit of
the magnetoresistive effect element 30 and the diode 40 and
the transistor 50 is opposite to the connection relationship of
the first embodiment. Therefore, it is possible to perform a
write operation and a read operation similar to those of the
first embodiment, and thus an effect similar to that produced
in the first embodiment can be achieved.

FIG. 6 is a diagram showing an example of the current-
voltage characteristics of the Schottky diode at a tempera-
ture of 400K. Basic parameters for the Schottky diode other
than the temperature are similar to those of the first embodi-
ment. As shown in FIG. 6, in a manner similar to that of the
first embodiment, the current in the forward direction
increase exponentially whereas the current in the reverse
direction hardly flows.

Next, the operation of the magnetic memory device of
FIG. 5 will be described.

First, the write operation to set the magnetoresistive effect
element 30 to the high-resistance state will be described.

In the present write operation, the transistor 50 is set to the
on state, and the second interconnect 20 is subjected to a
voltage greater than that of the first interconnect 10.

If the magnetoresistive effect element 30 has been in the
low-resistance state when the write operation is to be
performed, the magnetoresistive effect element 30 transi-
tions from the low- to the high-resistance state in the write
operation. Here, the following description is based on the
assumption that the resistance Rmtjl in the low-resistance
state is 1000Q2, the resistance Rmtj2 in the high-resistance
state is 3000€2, and the resistance Rtr of the transistor 50 in
the on state is 2000€2. Further, in the write operation, the
second interconnect 20 is subjected to a voltage Vall1=1.0V
with reference to the first interconnect 10.

If the diode 40 is not provided, the voltage Vmtj1 applied
to the magnetoresistive effect element 30 in the low-resis-
tance state and the voltage Vmt;j2 applied to the magnetore-
sistive effect element 30 in the high-resistance state are
calculated in a manner similar to that of the first embodiment
to be 0.33V and 0.6V, respectively.
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If the diode 40 is provided, on the other hand, the voltage
Vmtjl applied to the magnetoresistive effect element 30 in
the low-resistance state is calculated in a manner similar to
that of the first embodiment to be 0.33V. Therefore, the
voltage applied to the magnetoresistive effect element 30 in
the low-resistance state is hardly influenced even when the
diode 40 is provided as in the case of the first embodiment.

When the magnetoresistive effect element 30 transitions
from the low- to the high-resistance state, the resistance of
the diode 40 is calculated in a manner similar to that of the
first embodiment to be about 5596Q. Here, the voltage
applied to the magnetoresistive effect element 30 is about
0.49V. Therefore, it is possible to make the voltage applied
to the magnetoresistive effect element 30 less than that
(0.6V) of the case where the diode 40 is not provided, as in
the first embodiment.

FIG. 7 is a diagram showing the relationship between the
resistance of the magnetoresistive effect element 30 and the
voltage applied to the magnetoresistive effect element 30. In
a manner similar to that of the first embodiment, in the case
where the diode 40 is provided, the voltage applied to the
magnetoresistive effect element 30 in the high-resistance
state becomes less.

Next, a write operation to set the magnetoresistive effect
element 30 to the low-resistance state will be described.

In the write operation, the transistor 50 is set to the on
state, and the first interconnect 10 is subjected to a voltage
greater than that of the second interconnect 20.

If the magnetoresistive effect element 30 has been in the
high-resistance state when the write operation is to be
performed, the magnetoresistive effect element 30 transi-
tions from the high- to the low-resistance state in the write
operation. Here, the following description is based on the
assumption that the resistance Rmtjl in the low-resistance
state is 1000Q2, the resistance Rmtj2 in the high-resistance
state is 300062, and the resistance Rtr of the transistor 50 in
the on state is 2000Q. Further, in the write operation, the first
interconnect 10 is subjected to a voltage Vall2=0.8V with
reference to the second interconnect 20.

If the diode 40 is not provided, the voltage Vmt;j3 applied
to the magnetoresistive effect element 30 in the high-
resistance state and the voltage Vmtj4 applied to the mag-
netoresistive effect element 30 in the low-resistance state are
calculated in a manner similar to that of the first embodiment
to be 0.48V and 0.26V, respectively.

If the diode 40 is provided, on the other hand, since the
diode 40 is subjected to a voltage in the reverse direction, a
current hardly flows through the diode 40. Consequently,
even if the diode 40 is provided, as obtained as
Vmtj3=0.48V and Vmtj4=0.26V, the write operation on the
magnetoresistive effect element 30 is hardly influenced.

Next, a read operation on the magnetoresistive effect
element 30 will be described.

In a read operation, the transistor 50 is set to the on state,
and a read voltage is applied between the first interconnect
10 and the second interconnect 20. The read voltage is, for
example, about 0.2V. The first interconnect 10 may be
subjected to a voltage greater than that of the second
interconnect 20, or the second interconnect 20 may be
subjected to a voltage greater than that of the first intercon-
nect 10.

In the read operation, the voltage applied between the first
interconnect 10 and the second interconnect 20 is suffi-
ciently low as compared to that of the write operation.
Therefore, the resistance of the diode 40 is sufficiently
greater than the resistance of the magnetoresistive effect
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element 30. Consequently, the read operation is hardly
influenced even when the diode 40 is provided.

As described above, in the present embodiment, the
magnetoresistive effect element 30 is provided with the
diode 40 in parallel in a manner similar to that of the first
embodiment, and an effect similar to that produced in the
first embodiment can be achieved.

Note that, although the Schottky diode is used as the diode
40 in the above-described first and second embodiments,
another diode may also be used. For example, a diode using
a reverse breakdown current such as a Zener diode or an
avalanche diode may be used as the diode 40. In that case,
in the structure of FIG. 1, the first terminal 41a is assumed
to be a cathode and the second terminal 42qa is assumed to
be an anode. In the structure of FIG. 5, the first terminal 415
is assumed to be an anode and the second terminal 424 is
assumed to be a cathode.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.

What is claimed is:

1. A magnetic memory device comprising:

a first interconnect;

a second interconnect;

a magnetoresistive effect element having a first terminal
and a second terminal, the first terminal of the magne-
toresistive effect element being electrically connected
to the first interconnect;

a diode having a first terminal and a second terminal, the
first terminal of the diode being electrically connected
to the first terminal of the magnetoresistive effect
element, the second terminal of the diode being elec-
trically connected to the second terminal of the mag-
netoresistive effect element; and

a transistor having a source terminal and a drain terminal,
one of the source terminal and the drain terminal being
electrically connected to the second terminal of the
magnetoresistive effect element and the second termi-
nal of the diode, the other of the source terminal and the
drain terminal being electrically connected to the sec-
ond interconnect;

wherein the magnetoresistive effect element includes a
first magnetic layer having a fixed direction of magne-
tization, a second magnetic layer having a variable
direction of magnetization, and a nonmagnetic layer
provided between the first magnetic layer and the
second magnetic layer;

wherein in a write operation for the magnetoresistive
effect element, the transistor is set to an on state, and
the magnetoresistive effect element is set to a high-
resistance state by causing a current to flow from the
first magnetic layer to the second magnetic layer or to
a low-resistance state having a resistance less than that
of the high-resistance state by causing a current to flow
from the second magnetic layer to the first magnetic
layer; and

wherein in the write operation for the magnetoresistive
effect element, when the magnetoresistive effect ele-
ment is set to the high-resistance state, a resistance of
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the diode is less than or equal to a resistance of the
magnetoresistive effect element in the high-resistance
state.

2. The device of claim 1, wherein the first terminal of the
magnetoresistive effect element is provided on a side of the
first magnetic layer, and the second terminal of the magne-
toresistive effect element is provided on a side of the second
magnetic layer.

3. The device of claim 1, wherein the first terminal of the
magnetoresistive effect element is provided on a side of the
second magnetic layer, and the second terminal of the
magnetoresistive effect element in provided on a side of the
first magnetic layer.

4. The device of claim 1, wherein in the write operation
for the magnetoresistive effect element, when the magne-
toresistive effect element is to be set to the high-resistance
state, the diode is biased in the forward direction.

5. The device of claim 1, wherein in the write operation
for the magnetoresistive effect element, when the magne-
toresistive effect element is to be set to the low-resistance
state, the diode is biased in the reverse direction.

6. The device of claim 1, wherein in a read operation for
the magnetoresistive effect element, a resistance of the diode
is greater than a resistance of the magnetoresistive effect
element.

7. A magnetic memory device comprising:

a first interconnect;

a second interconnect;

a magnetoresistive effect element having a first terminal
and a second terminal, the first terminal of the magne-
toresistive effect element being electrically connected
to the first interconnect;

a diode having a first terminal and a second terminal, the
first terminal of the diode being electrically connected
to the first terminal of the magnetoresistive effect
element, the second terminal of the diode being elec-
trically connected to the second terminal of the mag-
netoresistive effect element; and

a transistor having a source terminal and a drain terminal,
one of the source terminal and the drain terminal being
electrically connected to the second terminal of the
magnetoresistive effect element and the second termi-
nal of the diode, the other of the source terminal and the
drain terminal being electrically connected to the sec-
ond interconnect;

wherein the magnetoresistive effect element includes a
first magnetic layer having a fixed direction of magne-
tization, a second magnetic layer having a variable
direction of magnetization, and a nonmagnetic layer
provided between the first magnetic layer and the
second magnetic layer;

wherein in a write operation for the magnetoresistive
effect element, the transistor is set to an on state, and
the magnetoresistive effect element is set to a high-
resistance state by causing a current to flow from the
first magnetic layer to the second magnetic layer or to
a low-resistance state having a resistance less than that
of the high-resistance state by causing a current to flow
from the second magnetic layer to the first magnetic
layer; and

wherein in the write operation for the magnetoresistive
effect element, when the magnetoresistive effect ele-
ment is to be set from the low-resistance state to the
high-resistance state, a resistance of the diode is greater
than a resistance of the magnetoresistive effect element
in the low-resistance state.
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8. The device of claim 7, wherein the first terminal of the
magnetoresistive effect element is provided on a side of the
first magnetic layer, and the second terminal of the magne-
toresistive effect element is provided on a side of the second
magnetic layer.

9. The device of claim 7, wherein the first terminal of the
magnetoresistive effect element is provided on a side of the
second magnetic layer, and the second terminal of the
magnetoresistive effect element in provided on a side of the
first magnetic layer.

10. The device of claim 7, wherein in the write operation
for the magnetoresistive effect element, when the magne-
toresistive effect element is to be set to the high-resistance
state, the diode is biased in the forward direction.

11. The device of claim 7, wherein in the write operation
for the magnetoresistive effect element, when the magne-
toresistive effect element is to be set to the low-resistance
state, the diode is biased in the reverse direction.

12. The device of claim 7, wherein in a read operation for
the magnetoresistive effect element, a resistance of the diode
is greater than a resistance of the magnetoresistive effect
element.

13. A magnetic memory device comprising:

a first interconnect;

a second interconnect;

a magnetoresistive effect element having a first terminal
and a second terminal, the first terminal of the magne-
toresistive effect element being electrically connected
to the first interconnect;

a diode having a first terminal and a second terminal, the
first terminal of the diode being electrically connected
to the first terminal of the magnetoresistive effect
element, the second terminal of the diode being elec-
trically connected to the second terminal of the mag-
netoresistive effect element; and

a transistor having a source terminal and a drain terminal,
one of the source terminal and the drain terminal being
electrically connected to the second terminal of the
magnetoresistive effect element and the second termi-
nal of the diode, the other of the source terminal and the
drain terminal being electrically connected to the sec-
ond interconnect;
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wherein the magnetoresistive effect element includes a
first magnetic layer having a fixed direction of magne-
tization, a second magnetic layer having a variable
direction of magnetization, and a nonmagnetic layer
provided between the first magnetic layer and the
second magnetic layer;

wherein in a write operation for the magnetoresistive
effect element, the transistor is set to an on state, and
the magnetoresistive effect element is set to a high-
resistance state by causing a current to flow from the
first magnetic layer to the second magnetic layer or to
a low-resistance state having a resistance less than that
of the high-resistance state by causing a current to flow
from the second magnetic layer to the first magnetic
layer; and

wherein in the write operation for the magnetoresistive
effect element, when the magnetoresistive effect ele-
ment is to be set to the low-resistance state, a resistance
of the diode is greater than a resistance of the magne-
toresistive effect element.

14. The device of claim 13, wherein the first terminal of
the magnetoresistive effect element is provided on a side of
the first magnetic layer, and the second terminal of the
magnetoresistive effect element is provided on a side of the
second magnetic layer.

15. The device of claim 13, wherein the first terminal of
the magnetoresistive effect element is provided on a side of
the second magnetic layer, and the second terminal of the
magnetoresistive effect element in provided on a side of the
first magnetic layer.

16. The device of claim 13, wherein in the write operation
for the magnetoresistive effect element, when the magne-
toresistive effect element is to be set to the high-resistance
state, the diode is biased in the forward direction.

17. The device of claim 13, wherein in the write operation
for the magnetoresistive effect element, when the magne-
toresistive effect element is to be set to the low-resistance
state, the diode is biased in the reverse direction.

18. The device of claim 13, wherein in a read operation for
the magnetoresistive effect element, a resistance of the diode
is greater than a resistance of the magnetoresistive effect
element.



